The Proton-21 Laboratory in the Ukraine has been publishing results on shockinduced transmutation of several elements, including Cobalt 60 into non-radioactive elements. This report documents exploratory characterization of a shock-compressed Aluminum-6061 sample, which is the only available surrogate for the high-purity copper samples in the Proton-21 experiments. The goal was to determine Sandia's ability to detect possible shock-wave-induced transmutation products and to unambiguously validate or invalidate the claims in collaboration with the Proton-21 Laboratory. We have developed a suitable characterization process and tested it on the surrogate sample. Using trace elemental analysis capabilities, we found elevated and localized concentrations of impurity elements like the Ukrainians report. All our results, however, are consistent with the ejection of impurities that were not in solution in our alloy or were deposited from the cathode during irradiation or possibly storage. Based on the detection capabilities demonstrated and additional techniques available, we are positioned to test samples from Proton-21 if funded to do so. 4 5
INTRODUCTION
The Proton-21 Laboratory in Ukraine has for many years published theoretical and experimental articles on a shock compression mechanism for the transmutation of elements [1] [2] [3] [4] . They focus a moderately intense beam of electrons onto a hemispherical target to produce a converging shock wave in the target material. A significant investment in time, equipment, and analysis is clear. A host of chemical analysis techniques has been applied to a variety of metal targets that have been irradiated with very high energy (> 400 KeV), high current (~ 30 KA), focused electron beams in short bursts on the order of 50 nanoseconds. It should be noted that few of the experimental articles are in peer reviewed journals. The following lists some of the techniques utilized to demonstrate and validate claims of transmutation:
EPMA -electron probe microanalysis; AES -Auger-electron spectroscopy; SIMS -secondary ion mass spectrometry; LMS -laser mass spectrometry; RBS -Rutherford back scattering
The reports suggest many thousands of target irradiations, and the data includes quantitative measurements of changes in the detected elements as well as isotopic measurements that show quite radical changes in the distribution of isotopes such as nickel and iron from a copper target. It is difficult to separate exactly which targets were used for some of the data, and some tables have so many detected elements both before and after irradiation that the purity claim of some targets is questionable.
The facility has also published what is apparently marketing-type literature with a plethora of images and analysis results and filed for a United States patent in 2004 which has not to date been granted [5] .
The claims published include using: 1. 99.99% pure copper targets and obtaining tungsten, gold, bismuth, and silicon [4] 2. platinum/bismuth targets and obtaining "unknown" superheavy elements 3. cobalt 60 targets and obtaining reduced quantities of beta particle emission 4. unidentified peaks in Auger analysis suggest the production of long-lived transuranic elements [6] While the claims may seem to some quite implausible, the possibility of non-nuclear mechanisms for transmutation deserves investigation. The goal of this project was to take a Sandia target previously irradiated with an electron beam of similar energies and determine if we could develop the analysis process to unambiguously validate or invalidate their claims. We would also see if any transmutation could be detected in our sample. The only available Sandia target is an alloy and serves as a 'dry-run' for future testing of Ukraine targets or possible future controlled energetic beam tests at Sandia. The
Results and Discussion section of this document presents materials characterization data that show elevated and localized concentrations of impurity elements in the SNL sample, which do not suggest transmutation, however demonstrate the capability to detect such products in followon work. Lessons-learned via the Sandia target are also discussed; these lessons should be taken into account to ensure scientifically sound and verifiable measurements of any future suspected transmutation products.
SNL Sample Background
An aluminum alloy (Al 6061) target was irradiated by a pinched electron beam of energy 2 MeV and current 400,000 amps. The deposited energy generated a strong shock wave, material heating, and a crater as a result of the molten material redepositing and solidifying on the anode surface-qualitatively similar to that reported in the Proton-21 experiments. While the irradiation occurred almost 30 years ago, the target was still in hand (see photos below). It is approximately 8 inches across. Unfortunately Al 6061 is not remotely chemically pure, and may contain a wide variety of other trace elements as shown in Table 1 . On the other hand these impurities present an opportunity to demonstrate the capabilities of the Materials Characterization Department 1822 to analyze the Ukrainian targets. The ability to measure the specified and unknown trace level impurities is critical to the success of measuring low levels of transmutation products. 
EXPERIMENTAL DETAILS

Aluminum target
The SNL disc was sectioned and portioned for subsequent analysis following the initial screening by SEM-EDS. The photo below shows the initial section taken. The following schematic illustrates the general locations of measurements performed on the SNL sample. The backside of the disc serves as the sample control when looking for trace elements. Surface mapping, isotope ratios, bulk composition, and cross-sectional mapping refer to the elemental analysis techniques described later in the report. 
Copper samples
Several high purity copper samples were tested by inductively coupled plasma mass spectrometry (ICP-MS) as described in the next section. These included: 
SEM-EDS
A Scanning Electron Microscope (JEOL 5900LV SEM) using a Noran System Six energy dispersive spectroscopy (EDS) system was used to determine compositional information from a depth of approximately 1-5 micron depending on material and beam energy. An electron beam (15 kV) is directed at the material of interest, which yields a spectrum of x-ray radiation that is element specific. The technique is non-destructive, and produces both a microscopic image of the material and the elemental composition of various spots within that image. The spot size varies depending on the magnification.
ICP-MS
Elemental analysis was performed using a Perkin-Elmer (Waltham, MA) inductively coupled plasma mass spectrometer (ICP-MS, model Elan 6100 DRC). This instrument utilizes a quadrupole mass analyzer for measurement and quantitation. Detection limits are in the partsper-billion (ppb) range for most elements.
Three pieces of "backside" bulk and "frontside" flaked samples were cut from the SNL target. The frontside sample is referred to as "flaked" because a portion of the molten re-deposited layer could be removed from the surface of the disc.
Samples analyzed were three ~0.1g pieces of the disk and one 0.025g sample of the redeposited material from the surface of the disk. Samples were prepared by digestion in Optima hydrochloric and Optima hydrofluoric acids. Samples were then analyzed semi-quantitatively by ICP-MS. This technique identifies metals that are present and gives an approximate concentration for each identified metal. The accuracy is nominally +/-25% of the value. All values are given in ppm (µg/g) of the original material. Due to the digestion procedure a value for silicon could not be determined.
TOF-SIMS
A TOF.SIMS 5 instrument (ION-TOF GmbH, Münster, Germany) performing time-of-flight secondary ion mass spectrometry (TOF-SIMS) used a 25kV Bismuth 1+ primary ion beam to scan a 30 by 30 micron area. Data was collected at 50 primary shots/pixel to generate a 256 by 256 datapoint matrix for each spectrum. This results in an analysis of approximately 3 atomic layers (~1 nm) of the surface, and can resolve oxides a couple nm deep. Averaging of 5.5 minutes per data point was performed.
RESULTS AND DISCUSSION
SEM-EDS Elemental Analysis
The advantage of the scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) technique is that no sample preparation is required and that large areas can be screened in a relatively short time. While not quantitative it provides both an image and a chemical element map of the surface. Image contrast is approximated by elemental Z number, for example the instrument gives a brighter spot for Fe (see Figure 4 , right hand side, spot labeled "7") than it does for Si (same image, spot #2). The corresponding energy spectra for those same spots are shown respectively in Figure 5 and Figure 6 . Some elements give emission at overlapping energies, but often there is a second emission line than can be used to provide confirmation.
The roughness and diverse morphology is shown at these magnifications. Higher magnification is possible as well as the ability to cross-section very small features using focused ion beam (FIB) techniques. When quantitative results are desired an Electron Microprobe that utilizes wavelength dispersive detectors is employed as well as material reference standards. SNL has both FIB and wavelength dispersive detection capabilities. The image on the left side of Figure 7 (100x magnification, "View 7") shows the typical surface of the redeposited material on the frontside. The darker areas, for example point #3, are primarily Al. The brighter point #4 (see spectrum in Figure 8) shows evidence of the brass (primarily Cu and Zn) hardware that held parts of the SNL experiment.
On the right hand side of Figure 7 is a lower magnification view (55x magnification, "View 8") of a portion of the Al sample where some of the re-deposited material has flaked off over time. This area is at about "11 o'clock" in the macro photo ( Figure 1 ). The EDS spectrum ( Figure 9 ) taken at spot #1 in this image shows almost exclusively aluminum. The EDS spectrum collected in an area scan mode of the backside of the sample is very similar. Analysis of several points near the center hole, which clearly has the morphology of a melt (Figure 10 ), shows primarily Al with much less frequent detection of the Cu and Zn and other elements that were detected farther out from the center. Given that an unknown composition of brass was used, yet that most common brass grades have Pb, the reader may note the absence of any Pb peaks in these SEM-EDS experiments. In short it is a combination of detection limits, sampling volume, melt and re-deposition characteristics that affect detection of any element. Pb was readily detected, however, in the bulk measurements made using ICP-MS (next section). This points out the benefit of using multiple techniques in the scenario of searching for transmutation products -no one technique is "all knowing" about any sample.
The sample has been unprotected for 30 years. Therefore, surface contamination is the most likely source for the Ca, Si, Cl, P, Mg, and S detected. Obviously, the care of future samples must avoid such contamination. It was deemed unnecessary in the uncontrolled context of this sample to perform additional SEM or FIB/SEM characterization work to elucidate whether these elements were indeed surface contamination or originated in the original experiment.
A summary of the elements other than aluminum detected in this relatively quick sample survey are listed in Table 2 . A "Tr." entry indicates that a small (trace) peak was observed in the EDS spectrum. This does not imply a true quantity as this is a non-quantitative method. This table also provides additional support for the need of multiple techniques, as some of these elements were not detected by other methods. Again, this is due to the combination of limited sampling (number of spots), sampling volume (of instrument), instrument response factors, and detection limits. 
ICP-MS Elemental Analysis
Inductively coupled plasma mass spectrometry (ICP-MS) results were collected in a "semiquant" mode, which means numbers were determined using an average instrument response factor rather than element-specific response factors. When more precise levels are needed more laborious (and therefore expensive) quantitative methods are used. It is common to do a "screening" measurement to save the labor of multiple calibration curves on unknown samples. If needed, a single sample preparation can also be used for the quantitative analysis.
A quick summary view of the ICP-MS results is given in Figure 11 in the form of an abbreviated periodic table of the elements. The elements shaded orange (triangle) were detected at similar levels front/back in the Al sample, whereas pink (square) indicates higher levels on the front. Green rectangles indicate those elements that are "allowed" by the specifications for Al 6061 and (common) leaded brass. Note that the specifications leave room for "other" and since the exact brass composition is not known, it is unclear whether the pink (only) shaded elements provide evidence for transmutation. Additional input from metallurgists familiar with brass may be helpful. Additional sampling points and full quantitative testing of these sample points would give tighter confidence levels. Actual detection levels in parts per million (ppm or microgram/gram)for those elements that were detected at similar (Table 3 ) and higher (Table 4 ) levels on the front (exposed) compared to the back (unexposed) are given in the following tables. Elements indicated with an asterisk (*) are those listed in specifications for Aluminum 6061. Each of the three portions sampled of the back are listed individually to provide an indication of the macro level uniformity. Because the sample size is larger for ICP-MS analysis, the heterogeneity observed will be less than with SEM/EDS techniques. The redeposition of copper and zinc from brass components of the original experiment are clearly evident for example in the 27 times higher levels of Cu from front to back. As discussed in the SEM-EDS results, multiple instruments/techniques are needed when searching for unknown or outlier elements. ICP-MS does not detect Cl well, which was seen in SEM-EDS, and likewise SEM-EDS did not detect Ti nor Bi. These discrepancies are not errors nor flaws, but fall to factors such as sampling volume(s) and detection limits.
Additional work was performed on several high-purity copper materials in order to get an understanding of what common impurities might be found among them. Normal specifications ordinarily have a "miscellaneous" or "other" category for impurities; therefore, results from these direct measurements help define future experiments. Results of replicate measurements are summarized in the table below. Note that the highest specified purity sample (99.999% powder) which is actually an instrument reference sample, has the highest number of elemental impurities. Their concentrations are all very low, but there are many there. Note also that the 99.6 wire and high purity cable have quite a large variance in their total impurity values among the three replicate analyses -this indicates that the samples are not homogeneous.
These are somewhat "bulk" samples compared to the very small volumes sampled by SEM and other surface techniques, yet variance (heterogeneity) of the material is apparent. It is likely that this variance could potentially be more drastic at smaller analysis volumes. This highlights the importance of thorough characterization of samples prior to high energy bombardment 
TOF-SIMS Elemental and Isotopic Analysis
The focus of TOF-SIMS characterization was the elements detected at higher concentrations by ICP-MS on the frontside of the sample. This included Cu, Zn, Pb, P, Na, Sn, Ni, B, and Cd. Several of these elements have unique isotopic envelopes that should provide an indication whether the element is present as a trace contaminant or transfer or whether it may have been formed via transmutation. Elements such as Na and P have only one isotope and therefore are less helpful. Boron for example has two natural isotopes at m/z 10 and 11 in the ratio of 0.248 (19.9/80.1) as shown in a calculated mass spectrum ( Figure 12 ). TOF-SIMS generates ions from the surface and then measures the mass-to-charge (m/z) of the ionized isotopes, but the efficiency at generating only elemental ions is not 100%. This means that there can be interferences from oxides, hydrides, or molecular species which confound accurate measurements. Quantification can be difficult depending on issues like surface morphology and background.
A composite plot of the boron isotope measurements on the front surface of the sample is shown in Figure 13 . The peaks are color coded indicating where the instrument calculated peak area. If care is not taken to verify these peak assignments, which can vary spot-to-spot especially on a rough sample, an anomalous isotope ratio can easily be obtained! In large amounts of data this verification can be very time consuming. Boron is a "clean" example as there are few interferences at this low mass value. Using an instrument outfitted with a kinetic energy filter can reduce interferances. It should be noted that for Boron (and others) there is an instrumental bias resulting in a positive shifts of the B isotope ratio, empahsizing the need for control samples. Within experimental error, the isotope ratios measured for the redeposited area were the same as those measured in the control surface for major Ni, Pb, and Cu isotopes. Also within experimental error, these ratios matched natural ratios. The Ukraine group claims to observe several instances of isotope ratios far from natural abundace. Such deviations are within our experimental error and would be detected.
The primary lessons from the TOF-SIMS isotope analysis include: 1. there is often an instrument bias that must be carefully accounted for 2. energy filtering to reduce hydrides and other interferances should be employed 3. interpretation of isotope ratios should include cross-validation of abundance data
Lessons Learned and Analysis Plan
For the available sample, impurities in a relatively impure Al alloy are not in solution and remain in local deposits after electron beam induced shock, melt, and ejection. The Ukrainian transmutations are also in localized deposits even though their copper is 99.99% pure, which seems unusual.
Of the major lessons learned, proper choice, control, and characterization of starting material(s), including those containing or supporting the target, is crucial. Multiple characterization methods providing complementary sampling volumes, detection limits, mapping and quantification abilities are required for both pre-test certification and characterization of materials and post-test to detect products. Multi-disciplinary expertise in metallurgy, chemistry, and physics would inform choices in starting materials and ensure full interpretation.
Step-wise or serial analysis could reduce costs, ensure cross-validation, and provide guidance for other techniques. Many additional techniques are available at SNL. The following analysis plan is proposed to ensure confident results in future experiments.
With a sample supplied from the Proton-21 group, we propose to:  Obtain one set of pre-exposed sample material.  Obtain list (and representative samples) of materials contained within or used as support for targets or deposition screens.  Provide an independent source of high-purity sample material for a second set of samples. For an SNL-controlled experiment, we propose to:  Discuss with metallurgists possible target materials, available forms, and potential impurities. A metallurgist's input and knowledge regarding metal solubilities, melt characteristics, and purification techniques are critical.  Discuss with physicists possible products to expect.  Discuss with test personnel the available options for chamber and other internal supporting materials.  Obtain materials in sufficient quantities so that control samples are available for calibrating instrumentation such as TOF-SIMS and SEM microprobe.
CONCLUSIONS
The Proton-21 Laboratory in the Ukraine has been publishing results on shock-induced transmutation of several elements, including Cobalt 60 into non-radioactive elements. We have developed and exercised a process to detect possible shock-wave-induced transmutation products and to unambiguously validate or invalidate the claims in collaboration with the Proton-21 Laboratory. We found elevated and localized concentrations of impurity elements like the Ukrainian's report in our sample, but all our results are consistent with the ejection of impurities that were not in solution in our alloy, were deposited from the cathode during irradiation, or could be from surface contamination although the surface contamination cannot be validated.
We are positioned to test samples from Proton-21 if funded to do so.
If we do proceed with testing the Proton-21 samples, the control of starting sample and hardware is critical. Multiple methods are necessary to provide complimentary sampling volumes, different trade-offs for cost and detection limits, and different mapping and quantification abilities. Multi-disciplinary inputs will be needed in the fields of metallurgy, chemistry, and physics.
Step-wise analysis is useful as shown in this work; additional techniques were available but not needed. Initial measurements provide guidance for more sophisticated and expensive measurements.
